The article presents the results of a study of a high-performance grain cleaning machine for the preliminary cleaning of grain pile with a closed aspiration system. The fl ow regimes of the "air-grain pile" mixture determined by the Reynolds number and the bulk concentration of particles are established. As a result of the modeling, further directions for improving pneumatic systems of grain cleaning machines were determined: the cleaning effi ciency of the Е 0 fraction of pure grain from light impurities, shriveled and crushed grain reaches 82%, the output cleanliness of the grain was 93.7%, and the loss of full grain to waste P z = 0,017%. The average speed of the air fl ow in the separating channel is U = 7.12 m/s, its coeffi cient of variation across the width of the separating channel is v = 12,7%. The results of the experimental data confi rmed the adequacy of using mathematical modeling of the air fl ow in the pneumatic system of a grain cleaning machine to substantiate the basic parameters of the pneumatic system.
INTRODUCTION The problem statement
In pneumatic systems of grain pre-cleaning machines, the process of separating a grain pile from large impurities (spikelets, straw residues, etc.) and light impurities (husks, small weed seeds, etc.) occurs by airfl ow [1] [2] [3] [4] [5] . However, modern grain cleaning machines for preliminary cleaning of grain pile with a pneumatic system as their main working element, in their operational qualities do not fully meet the increasing requirements of modern agricultural production [6] [7] [8] [9] . Due to the imperfection of the design of the pneumatic system, there is an increased dustiness in the service areas and poor-quality separation of the grain pile by the air fl ow [10] [11] [12] . The development of a new technology for the separation of a heap of grain and more advanced technology for its implementation is diffi cult due to the diversity of crops and methods of separation; the complexity and diversity of the process of interaction of the particles of the separated materials with the air fl ow and the working bodies of the machine; insuffi cient development of the theoretical foundations of separation by air fl ow and methods for substantiating the parameters of machines and the modes of their operation [13] [14] [15] [16] [17] . In this regard, it is necessary to improve the theory of separation by air fl ow and the designs of pneumatic systems of grain cleaning machines [18] [19] [20] .
Research aims
The accuracy of the mathematical description of the technological process of the pneumatic system of the grain cleaning machine for the preliminary cleaning of the grain pile (GCM) depends largely on how the presence and intensity of the interfacial interaction (particle relaxation time), particle concentration, etc., are taken into account in the mathematical model. It is necessary to establish the "gas-particle" interaction mode (air-grain and air-impurities), which is determined by the Reynolds number of the Re p particle and the volume concentration of the particles Ф, as well as the kinematic (structural-technological) parameter of the pneumatic system. In turn, to determine the data of these parameters, it is necessary to know the amount of the material entering the cleaning (capacity), the speed of the air fl ow and particles, as well as their aerodynamic drag coeffi cients. Thus, the purpose of this paper is to substantiate the parameters of the air fl ow and grain pile (particles with different physical and mechanical properties) for the implementation of the mathematical model of the technological process of the pneumatic system of the grain cleaning machine for pre-cleaning of the grain pile, taking into account its structural and technological parameters.
MATERIALS AND METHODS
A wide range of mathematical models is offered to describe gas fl ows with solid particles. They differ in the way they describe the motion of gas and particles, the assumptions made, and the areas of applicability. The choice of a suitable model is made taking into account the available information on the fl ow structure and the required accuracy of its description. The construction of mathematical models describing the fl ow of gas with an admixture of solid particles is hampered by the fact that the fl ow of the carrier phase is only the background against which a large number of macroscopic particles move. The practical impossibility of solving the equations of motion of each of these particles together with the equations of motion of the carrier phase, the action of a number of factors which randomize the movement of particles (the polydispersity of the impurity, the irregularity of the particle shape, turbulence) lead to the development of special mathematical and numerical models. Modern methods of mathematical modeling of two-phase fl ows are classifi ed into three main groups: continuum (Eulerian), trajectory (Lagrangian), kinetic (statistical). After analyzing all the advantages and disadvantages of each approach, in order to describe the movement of the air-grain mixture in the GCM pneumatic system, the most appropriate in our opinion is the mathematical model of gas fl ow with particles, described by the trajectory (Lagrangian) approach. The advantage of this approach is the possibility of describing non-equilibrium particle fl ows, i.e. particles have a different geometric parameter, density, mass, etc., the mutual infl uence of the particles themselves, the turbulence of the air fl ow, the mutual infl uence of gas and particles are also taken into account. All these features, that is, differences in the physicomechanical properties and geometrical parameters of the grains, as well as the infl uence of the grain mass on the nature of the separation process, are fundamental for GCM. For an accurate description and selection of a model according to the theory of two-phase fl ows, it is necessary to determine the class of gas (air) fl ow with particles (grain) in the GCM pneumatic system. In the GCM pneumatic system, the technological process of separating a grain pile from impurities by air fl ow can be mathematically described as a complex system of polydisperse two-phase fl ow taking into account gravitational, resistance and friction forces, where one phase is air created by a fan, and the second is solid particles (grain pile). The particles have different concentrations, physical and mechanical properties (mass, density, geometrical dimensions, humidity, elasticity, sailing, etc.). The difference in the physical and mechanical properties of the phases determines the nature of the interaction of air and particles. The inertia and sailing of various particles (heavy -seeds, light -husks, impurities) lead to a different separation of the trajectories of motion from the air. In such fl ows, light particles move (are separated) by the air fl ow due to the aerodynamic drag force, which exceeds the gravitational force, the cause of which is the difference in air velocity and particle. Heavy particles mostly move (separated from the light ones) under the action of gravity, while the aerodynamic drag force acts slightly [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The force of aerodynamic drag is determined by the expression: (1) where C D is the aerodynamic drag coeffi cient of the particle, ρ g is the air density, kg / m 3 (ρ = 1.225 kg / m 3 ); d р -particle diameter, m; U is the air fl ow speed created by the fan, m / s; V -particle velocity, m / s.
The aerodynamic drag coeffi cient of spherical particles C D is determined according to the Rayleigh curve depending on the Reynolds number Re (C D = f (Rе)) [1] [2] [3] . The number of Reynolds for particles is determined by the formula (2) where η is the dynamic viscosity of air, Pa•s (at 20 ° C η = 1.82 10 -5 Pa•s). Mathematical description of the process of interaction of the air fl ow with a grain pile. The case is described when the forces of aerodynamic drag and gravity have the main infl uence on the motion of particles, the Lagrangian equations of motion will take the following form (3) Thus, we obtained the equation of the pulsation motion of inertial particles. The approach to the derivation of the pulsation equations of polydisperse particles is based on the application of the Reynolds number of particles to the Lagrangian equations. The heterogeneous fl ows have their own specifi c characteristics: intensive and extensive. The intensive quantities include the physical properties of particles, such as their geometric parameters (equivalent diameter) d p and density ρ р . The dynamic inertia of particles is the time of exposure of a particle in the air stream, determined by their relaxation time τ р (dynamic particle relaxation time), which has the following form (4) where Z is the correction function (5) where μ is the kinematic viscosity of air (at 200С μ =1,51 •10-5 m2 / s). The inertia of a particle depends on the characteristics of the air fl ow in which it moves. The correction function Z takes into account the effect of inertia forces on the particle relaxation time. Thus, when a particle moves, its inertia also depends on the particle Reynolds number. To calculate the movement of the air fl ow generated by a fan in a rotating coordinate system, use is made of the approximation of a one-component incompressible medium described by the Navier -Stokes equations taking into account the effects of turbulence:
where P is the pressure; J -coeffi cient taking into account the force of rotation, μ t -turbulent viscosity. Equations (6-8) take into account the main nonlinear mechanisms of turbulent fl ows: inertial forces and gravity. The rotational forces (Coriolis and centrifugal) while in the rotating coordinate system have the form: (9) where ω is the angular velocity of the fan, r is the radius of the fan wheel. The equations (6-9) describe the technological process of the fan operation, taking into account the rotating wheel in the coordinate system. The impact of the air fl ow generated by the fan on the grain pile entering the GCM pneumatic system, in general, based on the Navier-Stokes equation, takes the form [13] [14] . (10) where is the operator nabla (Hamilton), a vector differential operator whose components are partial derivatives with respect to coordinates; Q p m -mass feed of particles, kg / m 3 •s.
The equation of motion of the elements of the grain pile
The modeling the transfer of the polydisperse phase involves solving a non-uniform convective-diffusion equation for the concentration of particles:
where ν t is the kinematic coeffi cient of turbulent air viscosity; Sc t is the turbulent Schmidt number; N p is the concentration of particles; N p -speed of ablation of light particles. The impulse transfer of the dispersed phase is described by an inhomogeneous convective-diffusion equation that is solved for the particle velocity:
. (11) 
Results
Tables 1 and 2 present the main physicomechanical properties and the statistical analysis of the geometric parameters of the seeds of a grain pile. As shown by experimental measurements (table 1 and 2), the grain pile is heterogeneous and has a wide range of both physicomechanical and geometrical parameters [13] [14] [15] [16] . The data obtained are used in a mathematical model describing the technological process of the pneumatic system of a grain cleaning machine for pre-cleaning. Determination of fl ow regime and intensity of interfacial interaction (volume and mass concentration of grain pile). The technological process of separation in the GCM pneumatic system proceeds with a relatively small volumetric content of the grain pile. At the same time, the total mass of the grain heap is several times greater than the mass of the air fl ow generated by the fan. In this regard, it is necessary to determine the intensity of the interfacial interaction, which is estimated by the volume and mass concentrations of the air-grain mixture.
In GCM pneumatic systems, the volume concentration of a grain pile is within Ф ≈ 1.5 • 10 -4 ... 2.3 • 10 -3 , and the mass concentration M ≈ 0.16 ... 2.51, which is considered according to the accepted classifi cation of heterogeneous fl ows to be slightly dusty.
In such a fl ow mode, the effect of the carrier phase (air fl ow) on the movement of solid particles (grain) is observed, and the reverse effect of particles on the air fl ow is negligible. As the concentration of particles (supply) increases, the effect of the grain pile on the air fl ow increases, as well as the interaction of the components of the pile between them. But in this case, the cleaning process is violated, which is unacceptable. Experimentally obtained concentrations are used in simulation modeling of the technological process of operation of GCM pneumatic systems in the FlowVision program. Visualization of the trajectories of the airspeed, obtained from the results of modeling and calculation in the software package FlowVision (Figure 2-4 ). Figure 4 : Visualization of the process of pneumoseparation The effect of cleaning the Е 0 fraction of pure grain from light impurities, puny and crushed grain reaches 82%, and the loss of full-grain to waste Lg = 0.017%. The purity of the grain output was 93.7%. The mass of 1,000 grains of pure grain after cleaning was 33g, and the nature -754 g/l. In comparison with the existing МПО-50 machine, the effect of cleaning the grain from light impurities Е 0 , the purity of the grain P and the completeness of the emission of impurities E are 6, 5 and 11% higher, respectively.
DISCUSSION
The experimental data of the distribution of air velocity in the pneumatic systems of the existing modern GCM showed that the air fl ow in the pneumatic separating channel is unevenly distributed and varies over a wide range (coeffi cient of variation v to 37%). This is evidenced by the results of other researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This indicates that the technological process of separation of the grain pile in the GCM pneumatic system proceeds in violation of agrotechnical requirements. Due to the increase in productivity and throughput, there are problems of high-quality functioning of the GCM pneumatic system. This can be explained by the complexity of the simultaneous regulation of several structural and technological parameters (fan speed and air fl ow rate U, supply of grain pile q) and, depending on the crop to be harvested, on its physical and mechanical properties (geometrical parameters, humidity, impurities). The experimental data were confi rmed by theoretical studies of the mathematical description and modeling in the form of a polydisperse two-phase fl ow with regard to concentration, inertia, relaxation time, resistance coeffi cient. Similar studies were carried out by other scientists, which are refl ected in the works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The adequacy of the model, theoretical and experimental studies is confi rmed by their convergence (reliability is 0.97), which suggests that the possibility of accepting the results is reliable. By simulating and calculating a model of real pneumatic systems of existing grain cleaning machines, using this method, problem areas of the pneumatic system were identifi ed. These problems can be solved by changing the design parameters and adding baffl es to the separating channel of the pneumatic system, which contributes to a uniform distribution of the air fl ow across the entire width of the separating channel of the pneumatic system of the grain cleaning machine. The obtained characteristics allow us to develop recommendations for the optimization of the structural and technological parameters of the pneumatic system of the grain cleaning machine as a whole. Using this simulation method, it is possible to improve the GCM pneumatic systems without signifi cant costs and efforts.
CONCLUSION
The following indicators of the fl ow mode in the GCM pneumatic system for preliminary cleaning are substantiated: mass concentration M = 0.16 ... 2.51; volume concentration of a grain pile Ф = 1,5•10 -4 …2,3•10 -3 ; Reynolds number of grain pile Re p = 125 ... .1884; aerodynamic coeffi cient of grain pile resistance C D = 0.19 ... 0.59; sailing ratio coeffi cients -for full grains it varies in the range k п = 0.09 ... 0.3, and for weed admixture k п = 0.4 ... 1.22; dynamic inertia of grain heap particles τ р = 1 ... 28.5. The fl ow mode "air -grain pile" in the GCM pneumatic system refers to heterogeneous, lightly dusty streams. The obtained parameters allow us to establish that for mathematical modeling of the technological process of operation of the pneumatic system of a grain cleaning machine, it is possible to use the methods of two-phase "gas-particle" fl ows as well as to develop recommendations for the optimization of the structural and technological parameters of the pneumatic system of the grain cleaning machine as a whole. Using this simulation method, it is possible to improve the GCM pneumatic systems without signifi cant costs and efforts.
